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a b s t r a c t 
The majority of stars are now thought to support exoplanets. Many of those exoplanets discovered thus 
far are categorized as rocky objects with an atmosphere. Most of these objects are however hot due to 
their short orbital period. Models suggest that water is the dominant species in their atmospheres. The 
hot temperatures are expected to turn these atmospheres into a (high pressure) steam bath containing 
remains of melted rock. The spectroscopy of these hot rocky objects will be very different from that of 
cooler objects or hot gas giants. Molecules suggested to be important for the spectroscopy of these objects 
are reviewed together with the current status of the corresponding spectroscopic data. Perspectives of 
building a comprehensive database of linelist/cross sections applicable for atmospheric models of rocky 
super-Earths as part of the ExoMol project are discussed. The quantum-mechanical approaches used in 
linelist productions and their challenges are summarized. 
© 2017 The Authors. Published by Elsevier B.V. 
















































There are vast areas of the Universe thinly populated by
olecules which are cold. However, there are also huge numbers
f important astronomical bodies which support hot or highly-
xcited molecules. It is the spectroscopic demands of studying
hese hot regimes we focus on in this review. We will pay par-
icular attention to the demands on laboratory spectroscopy of a
ecently identiﬁed class of exoplanets known as hot rocky super-
arths or, more colourfully, lava and magma planets. These planets
rbit so close to their host stars that they have apparent temper-
tures such that their rocky surface should melt or even vaporise.
ittle is known about these planets at present: much of the infor-
ation discussed below is derived from models rather than obser-
ation. 
Of course hot and cold are relative terms; here we will take
oom temperature ( T ∼ 300 K) as the norm which means, for ex-
mple, that so-called cool stars which typically have temperatures
n the 20 0 0–40 0 0 K range are deﬁnitely hot. Much of the cold
nterstellar medium is not thermalised and excitation, for exam-
le by energetic photons, can lead to highly excited molecules.
his can be seen, for example, from maser emissions involving
ransitions between highly excited states, which is observed from∗ Corresponding author. 






405-6758/© 2017 The Authors. Published by Elsevier B.V. This is an open access article u range of molecules from a variety of interstellar environments
 Gray, 2012 ). Similarly the coma of comets are inherently cold but
hen bathed in sunlight can be observed to emit from very high-
ying energy levels ( Barber et al., 2009; Dello Russo et al., 2005,
004 ). 
Turning to the consideration of exoplanets. At the present it
ven remains unclear how to conclusively identify which planets
f a few to ten Earth masses are actually rocky ( Tasker et al., 2017 ).
rom density observations some of them appear to be rocky
silicate-rich), or with a fraction of ice/iron in the interior. Oth-
rs suggest a structure and composition more similar to gas giants
ike Neptune. Density alone is not a reliable parameter to distin-
uish among the various cases. In addition to there is a class of
ltra-short period (USP) exoplanets which are thought to be under-
oing extreme evaporation of their atmosphers due to their close
roximity to their host star ( Gillon et al., 2014, 2012; Oberst et al.,
017; Sanchis-Ojeda et al., 2014 ). These objects are undoubtedly
ot but as yet there are no mass measurements for USP planets.
pectroscopic investigations of atmospheres of super-earths and
elated exoplanets holds out the best prospect of learning about
hese alien worlds. The prospects of observing the atmospheric
omposition for the transiting planets around bright stars make us
onﬁdent we will be in a much better position in a few years time
ith the launch of the James Webb space telescope (JWST) and fu-
ure dedicated exoplanet-characterization missions. 
From the laboratory perspective, the observation of hot or
ighly excited molecules places immense demands on the spec-nder the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 


























































































































1 Molecules thought to be important for the spectroscopy of hot super-Earths are 
given in bold when ﬁrst mentioned. troscopic data required to model or interpret these species. As dis-
cussed below, a comprehensive list of spectroscopic transitions, a
line list, for a single molecule can contain signiﬁcantly more than
10 10 lines. This volume of data points to theory as the main source
of these line lists ( Tennyson, 2012 ). 
A line list consists of an extensive list of transition frequencies
and transition probabilities, usually augmented by other properties
such as lower state energies, degeneracy factors and partition func-
tions to give the temperature dependence of the line and, ideally,
pressure-broadening parameters to give the line shape. For radia-
tive transport models of the atmospheres of hot bodies, complete-
ness of the the line list to give the opacity of the species is more
important than high (“spectroscopic”) accuracy for individual line
positions. This is also true for retrievals of molecular abundances
in exoplanets based on the use of transit spectroscopy which, thus
far, has largely been performed using observations with fairly low
resolving power ( R < 30 0 0) ( Tinetti et al., 2013 ). However, the situ-
ation is rather different with the high-dispersion spectroscopy de-
veloped by Snellen and co-workers ( Birkby et al., 2013, 2017; Brogi
et al., 2014; de Kok et al., 2013; Snellen, 2014 ), which is comple-
mentary to transit spectroscopy. This technique tracks the Doppler
shifts of a large number of spectroscopic lines of a given species,
by cross-correlating them to the reference lab data on the line po-
sitions. This exciting but challenging technique requires precise fre-
quencies with R ≥ 10 0,0 0 0, as well as a good spectroscopic cover-
age (hot transitions), available laboratory data is not always precise
enough for this technique to work ( Hoeijmakers et al., 2015a ). 
This review is organised as follows. First we summarise what is
known about hot rocky super-Earth exoplanets. We then consider
the laboratory techniques being used to provide spectroscopic data
to probe the atmospheres of these bodies and others with similar
temperatures. In the following section we summarise the spectro-
scopic data available making recommendations for the best line list
to use for studies of hot bodies. Molecules for which little data ap-
pears to be available are identiﬁed. Finally we consider other issues
associated with spectroscopic characterization of lava planets and
prospects for the future. 
2. Hot rocky super-Earths 
As of the end of 2016 there are well over 100 detected exo-
planets which are classiﬁed as hot super-Earths. These planets are
ones which are considered to be rocky, that is with terrestrial-like
masses and/or radii, see e.g. Seager et al. (2007) , and which are
hot enough for, at least on their dayside, their rock to melt ( Kite
et al., 2016 ). Only a handful of these planets are amenable to spec-
troscopic characterization with current techniques ( Madhusudhan
et al., 2016 ), which makes these few objects the ones suitable for
atmospheric follow-up observations. All these rocky planets have
very short orbits, meaning that they are close to their star and
hence have hot atmospheres ( T  300 K). Some of these plan-
ets are evaporating with water vapour as a major constituent of
the atmosphere ( Barclay et al., 2013a; Batalha et al., 2011; Borucki
et al., 2013; David et al., 2016; Leger et al., 2009; Madhusudhan
and Redﬁeld, 2015 ). The atmospheres of these planets are thought
to have a lot in common with the young Earth ( Alfvén and Ar-
rhenius, 1974 ) and the atmosphere of a rocky planet immediately
after a major impact planet is expected to be similar ( Lupu et al.,
2014 ). However, we note that as they are generally tidally-locked
to their host star, hot rocky super-Earths will generally have signif-
icant day-night temperature gradients ( Demory et al., 2016 ). 
According to the NASA Exoplanets Archive ( exoplanetarchive.
ipac.caltech.edu ), key hot exoplanets with masses and radii in
the rocky-planet range include CoRoT-7b, Kepler-10b, Kepler-
78b, Kepler-97b, Kepler-99b, Kepler-102b, Kepler-131c, Kepler-406b,
Kepler-406c, and WASP-47e, with Kepler-36b and Kepler-93b be-ng slightly cooler than 1673 K ( Batalha et al., 2011; Carter et al.,
012; Dai et al., 2015; Hatzes et al., 2011; Howard et al., 2013;
eger et al., 2009; Moutou et al., 2013; Pepe et al., 2013; Weiss and
arcy, 2014 ). Most of the rocky exoplanets that have so far been
tudied are characterized by the high temperature of their atmo-
pheres, e.g., about 1500 K in Kepler-36b and Kepler-93b, 2474 ±
1 K in CoRoT-7b Leger et al. (2011) , 2360 ± 300 K in 55 Cnc e
 Demory et al., 2012; Tsiaras et al., 2016 ), and around 30 0 0 K in
epler-10b ( Kite et al., 2016 ). Somewhat cooler but still hot rocky
lanets include temperatures of 700 K in Kepler-37b ( Barclay et al.,
013b ), 750 K in Kepler-62b ( Borucki et al., 2013 ), 580 K in Kepler-
2c ( Borucki et al., 2013 ), and 40 0–50 0 K in GJ 1214b ( Bean et al.,
010; Charbonneau et al., 2009; Howe and Burrows, 2012 ). 
If the main constituent of these atmospheres is steam, it will
eat the surface of a planet to (and above) the melting point of
ock ( Zahnle et al., 1988 ). For example, the continental crust of
 rocky super-Earth should melt at about 1200 K ( Sawyer et al.,
011 ), while a bulk silicate Earth at roughly 20 0 0 K ( Schaefer
t al., 2012 ). The gases are released from the rock as it heats up
nd melts, including silica and other rock-forming elements, and is
hen dissolved in steam ( Fegley et al., 2016 ). The main greenhouse
ases in the atmospheres of hot rocky super-Earths are steam
from vaporising water and hydrated minerals) and carbon dioxide
from vaporising carbonate rocks), which lead to development of
 massive steam atmosphere closely linked to magma ocean at the
lanetary surface ( Abe and Matsui, 1988; Elkins-Tanton and Seager,
008; Fegley et al., 2016; Kasting, 1988; Lebrun et al., 2013; Matsui
nd Abe, 1986; Zahnle et al., 1988 ). 
At temperatures up to 30 0 0 K, and prior to signiﬁcant volatile
oss, the atmospheres of rocky super-Earth are thought to be dom-
nated by H 2 O and CO 2 
1 for pressures above 1 bar, see Schaefer
t al. (2012) . These objects will necessarily have spectroscopic sig-
atures which differ from those of cooler planets. At present inter-
retation of such signature is severely impacted by the lack of the
orresponding spectroscopic data. For example, recent analysis of
he transit spectrum of 55 Cnc e by Tsiaras et al. (2016) between
.125 and 1.65 μm made a tentative detection of hydrogen cyanide
 HCN ) in the atmosphere but could not rule out the possibility that
his signature is actually in part or fully due to acetylene ( HCCH )
ecause of the lack of suitable laboratory data on the hot spec-
rum of HCCH. The massive number of potential absorbers in the
tmosphere of these hot objects also have a direct effect on the
lanetary albedo ( Kasting, 1988 ) as well as the cooling and hence
volution of the young hot objects; comprehensive data is also cru-
ial to model these processes. 
Atmospheric retrievals for hot Jupiter exoplanets such as
D 209458b, GJ 1214b and HD 189733b ( Sing et al., 2016 ) show
hat transit observations can help to establish the bulk composi-
ion of a planet. However, it is only with good predictions of likely
tmospheric composition allied to a comprehensive database of
pectral signatures and proper radiative transfer treatment that the
bserved spectra can be deciphered. The completeness of the opac-
ties plays a special role in such retrievals: missing or incomplete
ab data when analysing transit data will lead to overestimates of
he corresponding absorbing components. 
The typical compositions of steam atmospheres have been con-
idered by Schaefer et al. (2012) , with an example for low atmo-
pheric pressure shown in Fig. 1 . The chemical processes on these
bjects are very similar to the young Earth (Mars or Venus) and
ave been studied in great detail. The major gases in steam atmo-
pheres (equilibrated chemistry) with pressures above 1 bar and
urface temperatures above 20 0 0 K are predicted to be H 2 O, CO 2 ,
J. Tennyson, S.N. Yurchenko / Molecular Astrophysics 8 (2017) 1–18 3 
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Fig. 1. Atmospheric composition for a planet similar to CoRoT-7b. Starting compositions were taken for the continental crust (left) and the bulk silicate Earth (right) at 2500 
K and 10 −2 bars. Reproduced with permission from Schaefer et al. (2012) . 
Fig. 2. Absorption spectrum of SO 2 at T = 300 K and 2000 K simulated using the 
























Fig. 3. SiO absorption at 20 0 0 K: infrared data are taken from ExoMol by Barton et 






















t   2 , HF, SO 2 , HCl, OH, CO with continental crust (CC) magmas (in
rder of decreasing abundance (mole fractions 0.8 – 0.01)) and
 2 O, CO 2 , SO 2 , H 2 , CO, HF, H 2 S , HCl, SO , for bulk silicate Earth
BSE) magmas. Other gases thought to be present but with smaller
ole fractions ( 0.01 – 0.001) include NaCl, NO , N 2 , SO 3 , and
g(OH) 2 ( Fegley et al., 2016 ). 
At temperatures above about 10 0 0 K, sulfur dioxide would en-
er the atmosphere, which leads the exoplanet’s atmosphere to be
ike Venus’s, but with steam. SO 2 is a spectroscopically important
olecule that is generally not included in models of terrestrial ex-
planet atmospheric models ( Schaefer et al., 2012 ). In high concen-
rations (greater than a few ppm), more than one spectral feature
f SO 2 are detectable even in low resolution between 4 and 40 μm
 Kaltenegger and Sasselov, 2010 ), see also Fig. 2 . This suggests that
O 2 should be included when generating models of atmospheric
pectra for terrestrial exoplanets ( Schaefer et al., 2012 ). At high
emperatures and low pressures SO 2 dissociates to SO ( Schaefer
t al., 2012 ). Other atmospheric constituents of Venus-like exoplan-
ts include CO 2 , CO, SO 2 , OCS, HCl, HF, H 2 O, H 2 S ( Schaefer and Fe-
ley, 2011 ). 
Kaltenegger et al. (2010) studied vulcanism of rocky planets and
stimated the observation time needed for the detection of vol-
anic activity. The main sources of emission were suggested to be 2 O, H 2 , CO 2 , SO 2 , and H 2 S. Again SO 2 should be detectable at
bundances of a few ppm for wavelengths between 4 and 40 μm. 
Apart from SO 2 , signiﬁcant amounts of CH 4 and NH 3 are ex-
ected, especially in BSE atmospheres at low temperatures. Al-
hough photochemically unstable, these gases are spectroscopically
mportant and should be considered in spectroscopic models of
tmospheres. When sparked by lighting, they combine to form
mino acids, as in the classic Miller-Urey experiment on the ori-
in of life (Miller and Urey, 1959) . Models of exoplanets suggest
hat NO and NO 2 , as well as a number of other species, are likely
o be key products of lightning in a standard exoplanet atmosphere
 Ardaseva et al. ). Further thermochemical and photochemical pro-
essing of the quenched CH 4 and NH 3 can lead to signiﬁcant pro-
uction of HCN (and in some cases C 2 H 2 ). It has been suggest that
CN and NH 3 will be important disequilibrium constituents of ex-
planets with a broad range of temperatures which should not be
gnored in observational analyses ( Moses, 2014 ). 
Ito et al. (2015) suggested that SiO absorption dominates the
V and IR wavelength regions with the prominent absorption fea-
ures at around 0.2, 4, 10 and 100 μm, see Fig. 3 . In particular, in
he cases of Kepler-10b and 55 Cnc e, those features are poten-
ially detectable by the space-based observations that should be





























































Molecules thought to be important for spectroscopy of the atmospheres 
hot rocky super-Earths. 
CH 4 , C 2 H 2 , CO, CO 2 , 
H 2 , HCl, HCN, HF, H 2 O, H 2 S, 
KCl, KOH, MgO, Mg(OH) 2 , 
NaCl, NaOH, NH 3 , NO, OH, PO 2 , 






















































f  possible in the near future ( Ito et al., 2015 ). Models suggest that a
photon-limited, JWST-class telescope should be able to detect SiO
in the atmosphere of 55 Cnc e with 10 hours of observations ( Kite
et al., 2016 ) using secondary-eclipse spectroscopy. Such observa-
tions have the potential to study lava planets even with clouds and
lower-atmospheres ( Samuel et al., 2014 ). 
Other abundant species that may contribute to the transmis-
sion spectrum include CO, OH, and NO at high temperatures. These
molecules should be present in a planet with an O 2 -rich atmo-
sphere and magma oceans, such as were recently suggested as the
composition of the super-Earth GJ 1132b by Schaefer et al. (2016) . 
It is suggested that for atmospheres of hot rocky super-Earths
with high temperature ( > 1800 K) and low pressure almost all rock
is vaporised, while at high pressure ( > 100 bar) much of this ma-
terial is in the condensed phase (Schaefer et al., 2012) . Most ele-
ments found in rocks are expected to be soluble in steam ( Fegley
et al., 2016 ), including Mg, Si, and Fe from SiO 2 -rich (i.e., felsic)
silicates (like Earth’s continental crust) and MgO-, FeO-rich (i.e.,
maﬁc) silicates ( Schaefer et al., 2012 ). This can lead to gases such
as Si(OH) 4 , Mg(OH) 2 , Fe(OH) 2 , Ni(OH) 2 , Al(OH) 3 , Ca(OH) 2 , NaOH ,
and KOH ( Schaefer et al., 2012 ). Silica (SiO 2 ) dissolves in steam
primarily via formation of Si(OH) 4 ( Plyasunov, 2012 ), while MgO
in steam leads to production of gaseous Mg(OH) 2 , see, for example,
Alexander et al. (1963) . However it seems likely that at the temper-
atures under consideration many of these more complex species
would fragment into diatomic or triatomic species, and water. 
The predicted vaporised constituents of the steam atmosphere
at higher temperatures (40 0 0 K) include ( Schaefer et al., 2012 ) Fe
and FeO (products of Fe(OH) 2 fragmentation), MgO , Titanium diox-
ide TiO 2 (the major Ti-bearing gas with abundance of 1.1%), PO 2 
and then PO (with increasing temperature), MnF 2 and MnO (from
vaporised bulk Mn), CrO 2 F, CrO 2 , and CrO (from vaporised bulk
CrO), Ca(OH) 2 and AlO (although calcium and aluminum are less
abundant). TiO 2 can lead to TiO ( Balducci et al., 1972 ), which is
well-known to be a source of major absorption from near-infrared
to the optical spectral regions of M dwarfs ( Allard et al., 1997 ).
There have been attempts to detect ( Desert et al., 2008 ) and a re-
cent reported detection of TiO in exoplanet atmospheres ( Tsiaras
et al., 2017 ). Whether complex polyatomic molecules like Fe(OH) 2 ,
Ca(OH) 2 , CrO 2 F and P 2 O 5 will survive at T > 10 0 0 K is question-
able. It should be noted that it is the lower pressure regimes that
hold out the best prospects for analysis using transit spectroscopy,
as the high pressures will tend to result in opaque atmospheres. 
Post-impact rocky planets are shown to have very similar at-
mospheric and therefore spectroscopic properties. According to es-
timated luminosities, the hottest post-giant-impact planets will be
detectable with near-infrared coronagraphs on the planned 30 m
class telescopes ( Lupu et al., 2014 ). The 1-4 μm region will be most
favourable for such observations, offering bright features and bet-
ter contrast between the planet and a potential debris disk. The
greenhouse absorbers in a rocky exoplanet atmosphere strongly in-
ﬂuence its cooling properties. The very large cooling timescales (on
the order of 10 5 − 10 6 yr) lead to the possibility of discovering tens
of such planets in future surveys ( Lupu et al., 2014 ). It has recently
been suggested ( Barr and Syal, 2017 ) that even gas giant planets
may form visible massive, rocky exomoons as a result of giant im-
pacts. 
55 Cnc e is currently the most attractive candidate magma
planet for observations ( Demory et al., 2016; Tsiaras et al., 2016 );
its atmosphere is amenable to study using secondary-eclipse spec-
troscopy and high-dispersion spectroscopy observations. 
It is thought that during its formation of the atmosphere of
the early Earth was dominated by steam which contained water-
bearing minerals ( Abe and Matsui, 1988; Alfvén and Arrhenius,
1974; Elkins-Tanton and Seager, 2008; Fegley et al., 2016; Kast-
ing, 1988; Lebrun et al., 2013; Matsui and Abe, 1986; Zahnle et al.,988 ). As Lupu et al. (2014) pointed out, modern state-of-the-art
adiative transfer in runaway and near-runaway greenhouse atmo-
pheres ( Abe and Matsui, 1988; Kasting, 1988 ) are mainly based
n the absorption of H 2 O and CO 2 , with rather crude description
f hot bands and neglecting other opacity sources. It is important,
owever, that the line-by-line radiative transfer calculations of out-
oing longwave radiation include greenhouse absorbers of a rocky
xoplanet atmosphere affecting its cooling. Discussion of such data
s given below. 
It should be noted that clouds and hazes can lead to ﬂat, fea-
ureless spectra of a super-Earth planet ( Morley et al., 2015 ), pre-
enting detection of some or all of the spectral features discussed
bove. As Morley et al. (2015) argued, it is however possible to dis-
inguish between cloudy and hazy planets in emission: NaCl and
ulphide clouds cause brighter albedos with ZnS known to have a
istinct feature at 0.53 μm. 
A summary of the molecules important for the spectroscopy of
ot melting planets is given in Table 1 . The following sections in
urn discuss how suitable spectroscopic data can be assembled and
he present availability of such data required for retrievals from the
tmospheres of rocky super-Earths which are essential for analysis
f the exoplanetary observations. Exactly these types of hot rocky
bjects will be the likely targets of NASA’s JWST (due for launch
n 2018) and other exoplanet transit observations. Models suggest
hat magma-planet clouds and lower-atmospheres can be observed
sing secondary-eclipse spectroscopy ( Kite et al., 2016 ) and that a
hoton-limited JWST-class telescope should be able to detect SiO,
a and K in the atmosphere of 55 Cnc e with 10 hours of observa-
ions ( Ito et al., 2015 ). Furthermore, albedo measurements are pos-
ible at lower signal to noise; they may correspond to the albedo
f clouds, or the albedo of the surface ( Demory, 2014; Rouan et al.,
011 ). 
High quality is also needed for complementary high-dispersion
pectroscopic ( Hoeijmakers et al., 2015a, 2015b; Snellen, 2014 ) (see
ig. 4 , where the technique is illustrated using Doppler shifted TiO
ines). For example TiO could not be detected in the optical trans-
ission spectrum of HD 209458b due to (arguably) poor quality of
he TiO spectral data ( Hoeijmakers et al., 2015b ). 
The above discussion concentrates on molecular species and
nfrared spectra. However, transit observation of atomic spectra
t visible wavelengths, particularly due atomic hydrogen ( Vidal-
adjar et al., 2003 ) and sodium ( Charbonneau et al., 2002 ), were
ctually the earliest spectroscopic studies of exoplanets. More re-
ently, the Hubble Space Telescope telescope has been used to per-
orm transit spectroscopy of exoplanets in the ultraviolet revealing
he presence of both neutral Mg ( Bourrier et al., 2015 ) and its ion
g + ( Fossati et al., 2010 ), as well as the possible detection a vari-
ty of other possible atoms and atomic ions. 
. Methodology 
The spectroscopic data required to perform atmospheric models
nd retrievals comprise line positions, partition functions, intensi-
ies, line proﬁles and the lower state energies E ′ ′ , which are usu-
lly referenced to as ‘line lists’. Given the volume of data required
or construction of such line lists is far from straightforward. When
J. Tennyson, S.N. Yurchenko / Molecular Astrophysics 8 (2017) 1–18 5 
Fig. 4. Toy model of the phase-dependent Doppler shift of TiO lines along the or- 
bit of HD 209458b. The white curves represent TiO-emission features owing to the 
inversion layer. The black vertical lines are stellar absorption lines, which are stable 
in time. This difference in the behaviour of stellar and planetary features provides 
a means of contrast between star and planet. Credit: Hoeijmakers et al. (2015b ), 
























































































a  onsidering how this is best done it is worth dividing the systems
nto three classes: 
1. Diatomic molecules which do not contain a transition metal
atom which we will class as simple diatomics; 
2. Transition metal containing diatomics such as TiO; 
3. Polyatomic molecules. 
For simple diatomics it is possible to construct experimental
ine lists which cover the appropriate ranges in both lower state
nergies and wavelength. There are line lists available which are
ased entirely on direct use of experimental data ( Yu et al., 2014 )
r use of empirical energy levels and calculated, ab initio , dipole
oments and hence transition intensities ( Brooke et al., 2016 ). It
s also possible to generate such line lists by direct solution of
he nuclear motion Schrödinger equation ( Le Roy, 2017; Yurchenko
t al., 2016b ) for a given potential energy curve and dipole mo-
ent function ( Yadin et al., 2012 ). This means that while there are
till simple diatomics for which line lists are needed, it should be
ossible to generate them in a reasonably straightforward fashion. 
When the diatomic contains a transition metal, things are much
ess straightforward ( McKemmish et al., 2016a; Tennyson et al.,
016b ). These systems have low-lying electronic states and it is
ecessary to consider vibronic transitions between several states
lus couplings and transition dipole moments between the states.
he curves required to give a full spectroscopic model of sys-
ems for which vibronic transitions are important are summarized
n Fig. 5 for aluminium monoxide, AlO. AlO is a relatively sim-le system which only requires consideration of three electronic
tates. This should be contrasted with the yet unsolved case of iron
onoxide, FeO, where there are more than ﬁfty low-lying elec-
ronic states ( Sakellaris et al., 2011 ) which means that a full spec-
roscopic model will require consideration of several hundred cou-
ling curves and a similar number of transition dipoles. 
Experimentally, open shell transition metal systems are chal-
enging to prepare and the resulting samples are usually not ther-
al which makes it hard to obtain absolute line intensities. Under
hese circumstances it is still possible to measure decay lifetimes
hich are very useful for validating theoretical models. Lifetime
easurements are currently rather rare and we would encourage
xperimentalists to make more of these for transition methal sys-
ems. Furthermore, the many low-lying electronic states are often
trongly coupled and interact, which makes it diﬃcult to construct
obust models of the experimental data. From a theoretical per-
pective, the construction of reliable potential energy curves and
ipole moment functions remains diﬃcult with currently available
b initio electronic structure methods ( McKemmish et al., 2016a;
ennyson et al., 2016b ). The result is that even for important sys-
ems such as TiO ( Allard et al., 20 0 0 ), well-used line lists ( Plez,
998; Schwenke, 1998 ) are known to be inadequate ( Hoeijmakers
t al., 2015a ). 
For polyatomic molecules there have been some attempts to
onstruct line lists directly from experiment, for example for am-
onia ( Hargreaves et al., 2012b, 2012c ) and methane ( Hargreaves
t al., 2012a, 2015 ). However, this process is diﬃcult and can suffer
rom problems with both completeness ( Hill et al., 2013 ) and the
orrect inclusion of temperature dependence. The main means of
onstructing line lists for these systems has therefore been varia-
ional nuclear motion calculations. 
There are three groups who are systematically producing ex-
ensive theoretical line lists of key astronomical molecules. These
re the NASA Ames group of Huang et al. (2014a, 2016) , the Reims
roup of Tyuterev, Nikitin and Rey who are running the TheoReTS
roject ( Rey et al., 2016 ) and our own ExoMol project ( Tennyson
nd Yurchenko, 2012; Tennyson et al., 2016c ). While there are dif-
erences in detail, the methodologies used by these three groups
re broadly similar. Intercomparison for molecules such as SO 2 ,
O 2 and CH 4 , discussed below, are generally characterized by good
verall agreement between the line lists presented by different
roups with completeness and coverage being the main features
o distinguish them. Thus, for example, both the TheoReTS and
xoMol groups pointed out that the 2012 edition of the HITRAN
atabase ( Rothman et al., 2013 ) contained a spurious feature due
o methane near 11 μm ( Rey et al., 2014; Yurchenko and Tennyson,
014 ), which led to its removal in the 2016 release of HITRAN
 Gordon et al., 2017 ). 
Fig. 6 illustrates the procedure whereby line lists of both
otation-vibration and rotation-vibration-electronic transitions are 
omputed using variational nuclear motion calculations. These cal-
ulations are based on the direct use of a potential energy sur-
ace (PES) to give energy levels and associated wavefunctions,
nd dipole moment surfaces (DMS) to give transition intensities
 Lodi and Tennyson, 2010 ). For vibronic spectra such as those en-
ountered with the open-shell diatomics the spin-orbit (SO), elec-
ronic angular momentum (EAM) and transition dipole moments
TDM) curves are also required. The procedure is well established
 Tennyson, 2012 ) in that for all but a small number of systems with
ery few electrons ( Engel et al., 2005; Mizus et al., 2017; Sochi
nd Tennyson, 2010 ), the PES used is spectroscopically determined.
hat is, an initial high-accuracy ab initio PES is systematically ad-
usted until it reproduces observed spectra as accurately as possi-
le. Conversely, all the evidence suggests that the use of a purely
b initio DMS gives better results than attempts to ﬁt this empir-
6 J. Tennyson, S.N. Yurchenko / Molecular Astrophysics 8 (2017) 1–18 
Fig. 5. Curves representing the spectroscopic model of AlO ( Patrascu et al., 2014, 2015 ); in this model the potential energy curves are coupled by both spin-orbit and 






































































W  ically ( Lodi et al., 2011; Lynas-Gray et al., 1995; Polyansky et al.,
2015 ). 
The PE, SO, EAM and (T)DM surfaces are usually interpolated
by appropriate analytical representations to be used as an input
for the nuclear motion program. The quality of the PES (as well
as of the coupling curves) is improved a priori by reﬁning the
corresponding expansion parameters by comparison with labora-
tory high resolution spectroscopic data. This reﬁnement, particu-
larly of PESs, using spectroscopic data is now a well-developed
procedure pursued by many groups. For example, the Ames group
have provided a number highly accurate PES for small molecules
based on very extensive reﬁnement of the PES ( Huang et al., 2011,
2012, 2014b ) starting from initial, high accuracy, ab initio elec-
tronic structure calculations. Our own preference is to constrain
such ﬁts to remain close to the original ab initio PES ( Yurchenko
et al., 2011b ); this has the beneﬁt of forcing the surface to remain
physically correct in regions not well-characterized experimentally.
Such regions are often important for calculations of extensive, hot
line lists. Further discussion of the methods used to reﬁne PESs can
be found in Tennyson (2012) . 
Our computational tools include the variational nuclear-motion
programs Duo ( Yurchenko et al., 2016b ), DVR3D ( Tennyson et al.,
2004 ), and TROVE ( Yachmenev and Yurchenko, 2015; Yurchenko
et al., 2007 ) which calculate the rovibrational energies, eigenfunc-
tions, and transition dipoles for diatomic, triatomic and larger
polyatomic molecules, respectively. These programs have proved
capable of producing accurate spectra for high rotational excita-
tions and thus for high-temperature applications. All these codes
have been adapted to face the heavy demands of computing very
large line lists ( Tennyson and Yurchenko, 2017 ) and are available as
freeware. 
Duo was recently developed especially for treating open-shell
system of astrophysical importance ( Lodi et al., 2015; McKemmish
et al., 2016b; Patrascu et al., 2015; Yurchenko et al., 2016a ). To our
knowledge Duo is currently the only code capable of generating
spectra for general diatomic molecules of arbitrary number and
complexity of couplings. DVR3D ( Tennyson et al., 2004 ) was used to produce line lists for
everal key triatomics, including H 2 S, SO 2 , H 2 O, CO 2 , HCN ( Azzam
t al., 2016; Harris et al., 2002b; Polyansky et al., 2016a, 2017; Un-
erwood et al., 2016b; Zak et al., 2016, 2017a, 2017b ). DVR3D is ca-
able of treating ro-vibrational states up to dissociation and above
 Silva et al., 2008 ). A new version appropriate for the calculation
f fully-rotationally resolved electronic spectra of triatomic species
as just been developed and tested for the X – C band in SO 2 ( Zak
nd Tennyson, 2017 ). 
TROVE is a general polyatomic code that has been used to
enerate line lists for hot NH 3 , PH 3 , H 2 CO, HOOH, SO 3 , CH 4 ( Al-
efaie et al., 2015a, 2015b; Sousa-Silva et al., 2015, 2014; Un-
erwood et al., 2016a; Yurchenko et al., 2011a, 2017 ). Intensi-
ies in TROVE are computed using the new code GAIN ( Al-Refaie
t al., 2017 ) which was written and adapted for graphical pro-
essing units (GPUs) to compute Einstein coeﬃcients (or oscilla-
or strengths) and integrated absorption coeﬃcients for all individ-
al rotation-vibration transitions at different temperatures. Given
he huge number of transitions anticipated to be important at ele-
ated temperatures, the usage of GPUs provides a huge advantage.
owever TROVE requires special adaptation ( Chubb et al., 2017 ) to
reat linear molecules such as the astronomically important acety-
ene (HCCH). 
An alternative theoretical procedure has been used by Tashkun
nd Perevalov from Tomsk. Their methodology uses effective
amiltonian ﬁts to experimental data for both energy levels and
ransition dipoles. This group has provided high-temperature line
ists for the linear CO 2 ( Tashkun and Perevalov, 2011 ) molecule and
he NO 2 ( Lukashevskaya et al., 2016 ) system. This methodology re-
roduces the positions of observed lines to much higher accuracy
han the variational procedure but generally extrapolates less well
or transitions involving states which are outside the range of those
hat have been observed in the laboratory. In particular, compar-
sons with high-resolution transmission measurements of CO 2 at
igh temperatures for industrial applications suggest that indeed
he CDSD-40 0 0 CO 2 line list loses accuracy at higher temperatures.
e note that the Ames group have produced variational line lists
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2  or CO 2 designed to be valid up to 1500 K ( Huang et al., 2013 ) and
0 0 0 K ( Huang et al., 2017 ). 
As mentioned above, a disadvantage of the use of variational
uclear motion calculations is that the transition frequencies are
arely predicted with spectroscopic accuracy. One method of rec-
ifying this problem is by use of the MARVEL (measured active
otational-vibrational energy levels) procedure ( Furtenbacher et al.
007; Furtenbacher and Császár, 2012 . The MARVEL procedure in-
erts the measured transition frequencies to provide energy levels
rom which not only can the original transition frequencies be re-
enerated but all other transitions linking these states can also be
btained with experimental accuracy. However, the MARVEL proce-
ure does not provide any information on levels which have yet to
e observed experimentally. MARVEL datasets of energy levels are
vailable for a range of astronomically important molecules includ-
ng water ( Furtenbacher et al., 2017; Tennyson et al., 2014a ), H + 
3 
 Furtenbacher et al., 2013a, 2013b ), NH 3 ( Derzi et al., 2015; Furten-
acher et al., 2017 ), C 2 ( Furtenbacher et al., 2016 ), TiO ( McKemmish
t al., 2017 ) and HCCH ( Chubb et al., 2017 ). In particular, the energy
evels and transition frequencies from the analysis of TiO spec-
ra should provide the high-resolution transition frequencies need
o allow the detection of TiO in exoplanets using high-dispersion
pectroscopy for which previously available laboratory data was
ot precise enough ( Hoeijmakers et al., 2015a ). Indeed this anal-
sis pointed to a number of issues with previous analysis of ob-
erved TiO spectra and signiﬁcant shifts in transition frequencies
ompared to those provided by the currently available line lists
 Plez, 1998; Schwenke, 1998 ). 
The MARVEL energy levels can also be used to replace com-
uted ones in line lists. This has already been done for several line
ists ( Mizus et al., 2017; Paulose et al., 2015; Wong et al., 2017 ).
his process is facilitated by the ExoMol data structure ( Tennysont al., 2013, 2016c ) which does not store transition frequencies but
nstead computes them from a states ﬁle containing all the en-
rgy levels. This allows changes of the energy levels at the end of
he calculation or even some time later ( Barber et al., 2014; Harris
t al., 2006 ) should improved energy levels become available. 
The polyatomic molecules discussed above are all closed shell
pecies. However the open shell species PO 2 and CaOH are thought
o be important for hot atmospheres ( Bernath, 2009 ). There have
een a number of variational nuclear motion calculations on the
pectra of open shell triatomic systems ( Bunker et al., 2007; Hi-
ano et al., 2008; Jensen et al., 2002; Mascaritolo et al., 2013;
daka et al., 2007; Ostojic et al., 2016 ), largely based on the use of
ensen’s MORBID approach ( Jensen et al., 1995) . However, we are
naware of any extensive line lists being produced for such sys-
ems. The extended version of DVR3D ( Zak and Tennyson, 2017 )
entioned above should, in due course, be applicable to these
roblems. 
For closed-shell polyatomic molecules, such as NaOH, KOH,
iO 2 , for which spectra involve rotation-vibration transitions on the
round electronic state, one would use a standard level of ab initio
heory such as CCSD(T)-f12/aug-cc-pVTZ on a large grid of geome-
ries (  10, 0 0 0) to compute both the PES and DMS. For diatomic
olecules (NaH, KCl, SiO, MgO, ZnS, SO) characterized by multi-
le interacted curves the multi-reference conﬁguration interaction
MRCI) method in conjunction with the aug-cc-pVQZ or higher ba-
is sets is a reasonable choice, with relativistic and core-correlation
ffects included where feasible. The potential energy and coupling
urves should then be optimized by ﬁtting to the experimental en-
rgies or transitional wavenumbers. Indeed where there is a large
mount of experimental data available, then the choice of initial
otential energy curves becomes almost unimportant ( Barton et al.,
013) . However, the ab initio calculation of good dipole curves is




























































































































t  always essential since these are not in general tuned to observa-
tion. 
The ExoMol line lists are prepared so that they can easily be
incorporated in radiative transfer codes ( Tennyson et al., 2016c ).
For example, these data are directly incorporated into the UCL Tau-
REx retrieval code ( Waldmann et al., 2013, 2015a, 2015b ), a radia-
tive transfer model for transmission, emission and reﬂection spec-
troscopy from the ultra-violet to infrared wavelengths, able to sim-
ulate gaseous and terrestrial exoplanets at any temperature and
composition. Tau-REx uses the linelists from ExoMol, as well as
HITEMP ( Rothman et al., 2010 ) and HITRAN ( Rothman et al., 2013 )
with clouds of different particle sizes and distribution, to model
transmission, emission and reﬂection of the radiation from a par-
ent star through the atmosphere of an orbiting planet. This al-
lows estimates of abundances of absorbing molecules in the at-
mosphere, by running the code for a variety of hypothesised com-
positions and comparing to any available observations. Tau-REx is
mostly based on the opacities produced by ExoMol with the ulti-
mate goal to build a library of sophisticated atmospheres of exo-
planets which will be made available to the open community to-
gether with the codes. These models will enable the interpreta-
tion of exoplanet spectra obtained with future new facilities from
space ( Tinetti et al., 2015, Tinetti et al., 2016 ) and the ground (VLT-
SPHERE, E-ELT), as well as JWST. 
Of course there are a number of other models for exoplan-
ets and similar objects which rely on spectroscopic data as part
of their inputs. These include modelling codes such as NEME-
SIS ( Irwin et al., 2008 ), BART ( Blecic et al., 2016 ), CHIMERA ( Line
et al., 2013 ) and a recent adaption of the UK Met Oﬃce global cir-
culation model (GCM) called ENDGame ( Amundsen et al., 2016;
Mayne et al., 2014 ). More general models such as VSTAR ( Bailey
and Kedziora-Chudczer, 2012 ) are designed to be applied to spec-
tra of planets, brown dwarfs and cool stars. The well-used BT-
Settl brown-dwarf model ( Allard, 2014; Allard et al., 2012 ) can also
be used for exoplanets. There are variety of other brown dwarfs
( Burrows et al., 2006 ) and cool star models ( Gustafsson et al.,
2008; Kurucz, 2014; Tsuji, 2008 ). These are largely concerned with
the atmospheres of the hydrogen rich atmospheres which are, of
course, characteristic of hot Jupiter and hot Neptune exoplanets,
brown dwarfs and stars. 
Besides direct input to models, line lists are used to provide
opacity functions ( Bernath, 2014; Freedman et al., 2014; 2008; Ku-
rucz, 2011; Sharp and Burrows, 2007 ) whose reliability are well-
known to be limited by the availability of good underlying spec-
troscopic data ( Cushing et al., 2008 ). Cooling functions for key
molecules are also important for the description of atmospheric
processes in hot rocky objects. These functions are straightfor-
ward to compute from a comprehensive line lists ( Tennyson et al.,
2016a ); this involve computation of integrated emissivities from
all lines on a grid of temperatures typically ranging between 0 to
50 0 0 K. 
4. Available spectroscopic data 
Spectroscopic studies of the Earth’s atmosphere are supported
by extensive and constantly updated databases largely compris-
ing experimental laboratory data ( Jacquinet-Husson et al., 2016;
Rothman et al., 2013 ). Thus for earth-like planets, by which we
mean rocky exoplanets with an atmospheric temperature below
350 K, the HITRAN database ( Gordon et al., 2017 ) makes a good
starting point. However, at higher temperatures datasets designed
for room temperature studies rapidly become seriously incomplete
( Yurchenko et al., 2014 ), leading to both very signiﬁcant loss of
opacity and incorrect band shapes. The strong temperature depen-
dence of the various molecular absorption spectra is illustrated ingures given throughout this review which compare simulated ab-
orption spectra at 300 and 2000 K for key species. 
HITRAN’s sister database, HITEMP, was developed to address
he problem of high temperature spectra. However the latest re-
ease of HITEMP ( Rothman et al., 2010 ) only contains data on ﬁve
olecules, namely CO, NO, O 2 , CO 2 and H 2 O. For all these species
here are more recent hot line lists available which improve on
he ones presented in HITEMP. These line lists are summarised in
able 2 below. 
Table 1 gives a summary of species suggested by the chemistry
odels as being important in the atmospheres of hot super-Earths.
pectroscopic line lists are already available for many of the key
pecies. Most of the species suggested by the chemistry models of
uch objects are already in the ExoMol database, which includes
ine list taken from sources other than the ExoMol project itself.
his includes H 2 O, CH 4 , NH 3 , CO 2 , SO 2 . Line lists for other impor-
ant species, such as NaOH, KOH, SiO 2 , PO, ZnS and SO are cur-
ently missing. Table 2 presents a summary of line lists available
or atmospheric studies of hot super-Earths. 
Line lists for some diatomics are only partial: for example ac-
urate infrared (rotation-vibration) line lists exists for CO, SiO, KCl,
aCl, NO, but none of these line lists consider shorter-wavelength,
ibronic transitions which lie in the near-infrared (NIR), visible
Vis) or ultraviolet (UV), depending on the species concerned. NIR
ill be covered by the NIRSpec instrument on the board of JWST
nly at lower resolution and therefore the completeness of the
pacities down to 0.6 μm will be crucial for the atmospheric re-
rievals. Such data, when available, will be important for the in-
erpretation of present and future exoplanet spectroscopic obser-
ations. 
Below we consider the status of spectroscopic data for key
olecules in turn. 
H 2 O : As discussed above, water is the key molecule in the at-
ospheres of rocky super-Earths. There are a number of published
ater line lists available for modelling hot objects ( Allard et al.,
994; Barber et al., 2006; Jørgensen et al., 2001; Partridge and
chwenke, 1997; Rothman et al., 2010; Schwenke and Partridge,
0 0 0; Viti et al., 1997; Wattson and Rothman, 1992 ). Of these the
ost widely used are the Ames line list of Partridge and Schwenke
1997) , or variants based on it, and the BT2 line list ( Barber et al.,
006 ), which provided the basis for water in the HITEMP database
 Rothman et al., 2010 ) and the widely-used BT-Settl brown dwarf
odel ( Allard et al., 2007 ). The Ames line list is more accurate
han BT2 at infrared wavelengths but less complete meaning that
t is less good at modelling hotter objects. Recently Polyansky et al.
2017) have computed the POKAZaTEL line list which is both more
ccurate and more complete than either of these. We recommend
he use of this line list, which is illustrated in Fig. 7 , in future stud-
es. 
CO 2 : Again there are number of line lists available for hot CO 2 .
n particular Taskun and Perevalov distribute these via their carbon
ioxide spectroscopic databank (CDSD) ( Tashkun and Perevalov,
011; Tashkun et al., 2003 ), an early version of CDSD formed the
nput for HITEMP. The Ames group produced a variational line list
alid up to 1500 K ( Huang et al., 2013 ). Recent work on CO 2 has
mproved computed transition intensities to point where they as
ccurate as the measured ones ( Polyansky et al., 2015; Zak et al.,
016 ); this suggests that there is scope for further improvement in
ot line lists for this system; some work in this direction has re-
ently been undertaken by Huang et al. (2017) . Fig. 8 illustrates the
emperature-dependence of the CO 2 absorption spectrum in the in-
rared. 
CH 4 : methane is an important system in carbon-rich atmo-
pheres and the construction of hot methane line lists has been
he subject of intense recent study by a number of groups both
heoretically ( Ba et al., 2013; Mielke et al., 2013; Rey et al., 2013a,
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Table 2 
Spectroscopic line lists available for studies of the atmospheres hot super-Earth exoplanets. 
Molecule N iso T max N elec N line s DSName Reference Methodology 
SiO 5 90 0 0 1 254 675 EJBT Barton et al. (2013) ExoMol 
MgH 1 3 30 896 GharibNezhad et al. (2013) Empirical 
CaH 1 2 60 0 0 Li et al. (2012) Empirical 
NH 1 1 10 414 Brooke et al. (2014a ) Empirical 
CH 2 4 54 086 Masseron et al. (2014) Empirical 
CO 9 90 0 0 1 752 976 Li et al. (2015) Empirical 
OH ? 60 0 0 1 v = 13 Brooke et al. (2016) Empirical 
CN 1 1 195 120 Brooke et al. (2014b ) Empirical 
CP 1 1 28 735 Ram et al. (2014) Empirical 
HF 2 1 13 459 Li et al. (2013) Empirical 
HCl 4 1 34 250 Li et al. (2013) Empirical 
NaCl 2 30 0 0 1 702 271 Barton Barton et al. (2014) ExoMol 
KCl 4 30 0 0 1 1 326 765 Barton Barton et al. (2014) ExoMol 
PN 2 50 0 0 1 142 512 YYLT Yorke et al. (2014) ExoMol 
AlO 4 80 0 0 3 4 945 580 ATP Patrascu et al. (2015) ExoMol 
NaH 2 70 0 0 2 79 898 Rivlin Rivlin et al. (2015) ExoMol 
CS 8 30 0 0 1 548 312 JnK Paulose et al. (2015) ExoMol 
CaO 1 50 0 0 5 21 279 299 VBATHY Yurchenko et al. (2016a ) ExoMol 
NO 6 50 0 0 5 2 281 042 NOname Wong et al. (2017) ExoMol 
VO 1 50 0 0 13 277 131 624 VOMYT McKemmish et al. (2016b ) ExoMol 
H 2 O 4 
a 30 0 0 1 12 0 0 0 0 0 0 0 0 0 PoKaZoTeL Polyansky et al. ExoMol 
CO 2 4 
b 40 0 0 1 628,324,454 CDSD–40 0 0 Tashkun and Perevalov (2011) Empirical 
SO 2 1 20 0 0 1 1 300 000 000 ExoAmes Underwood et al. (2016b ) ExoMol 
H 2 S 1 20 0 0 1 115 530 373 ATY2 Azzam et al. (2016) ExoMol 
HCN/HNC 2 c 40 0 0 1 399 0 0 0 0 0 0 Harris Barber et al. (2014) ExoMol 
NH 3 2 
d 1500 1 1 138 323 351 BYTe Yurchenko et al. (2011a ) ExoMol 
PH 3 1 1500 1 16 803 703 395 SAlTY Sousa-Silva et al. (2015) ExoMol 
CH 4 1 1500 1 9 819 605 160 10to10 Yurchenko and Tennyson (2014) ExoMol 
N iso : Number of isotopologues considered; T max : Maximum temperature for which the line list is complete; N elec : Number of electronic states considered; N lines : 
Number of lines: value is for the main isotope. DSName: Name of line list chosen by the authors, if applicable. a The VTT line list for HDO due to Voronin et al. 
(2010) and HotWat78 due to Polyansky et al. (2016a ) for H 2 
17 O and H 2 
18 O are also available. b Very recently Huang et al. (2017) have computed the Ames-2016 
line lists for 13 isotopologues of CO 2 which also extend to 40 0 0 K. 
c A line list for H 13 CN/HN 13 C due to Harris et al. (2008) is also available. d There is a room 
temperature 15 NH 3 line list due to Yurchenko (2015) . 
Fig. 7. Absorption spectrum of H 2 O at T = 300 K and 20 0 0 K simulated using the 















Fig. 8. Absorption spectrum of CO 2 at T = 300 K and 20 0 0 K simulated using 













g013b, 2014; Schwenke, 2002; Schwenke and Partridge, 2001;
ang and Carrington, 2013; Warmbier et al., 2009; Yurchenko
nd Tennyson, 2014; Yurchenko et al., 2014 ) and experimentally
 Hargreaves et al., 2012a, 2015 ). The most complete line lists cur-
ently available are our 10to10 line list ( Yurchenko and Tennyson,
014 ), which is very extensive but only valid below 1500 K, and
he Reims line list ( Rey et al., 2014 ), which spans a reduced wave-
ength range but is complete up to 20 0 0 K. In fact we extended
0to10 to higher temperature some time ago but the result is a
ist of 34 billion lines which is unwieldy to use. We have therefore
een working data compaction techniques based on the use of ei-
her background, pressure-independent cross sections ( Hargreaves
t al., 2015 ) or super-lines ( Rey et al., 2016 ). This line list has
ust been released ( Yurchenko et al., 2017 ). Fig. 9 illustrates theemperature-dependence of the methane absorption spectrum in
he infrared. The strongest bands are at 3.7 and 7.7 μm. 
SO 2 and SO 3 : A number of line list for SO 2 have been com-
uted by the Ames group ( Huang et al., 2014b, 2015, 2016 ); the
ost compressive is one produced in collaboration between Exo-
ol and Ames ( Underwood et al., 2016b ), see Fig. 2 . This line list
as validated using experimental data recorded at the Technical
niversity of Denmark (DTU). ExoMol have also provided line lists
or SO 3 ( Underwood et al., 2013, 2016a ). The largest of these, ap-
ropriate for temperatures up to 800 K, contains 21 billion lines.
owever, validation of this line list against experiments performed
t DTU points to signiﬁcant differences in the line intensities, sug-
esting that more work is required on the SO dipole moment. 3 
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Fig. 9. Absorption spectrum of CH 4 at T = 300 K and 20 0 0 K simulated using the 
10to10 line list ( Yurchenko and Tennyson, 2014 ). 
Fig. 10. Absorption spectrum of NH 3 at T = 300 K and 20 0 0 K simulated using the 


























































































2  NH 3 : Ammonia has a very prominent absorption feature at
about 10 μm. Extensive line lists for ammonia are available
( Yurchenko et al., 2009, 2011a ). The BYTe line list ( Yurchenko
et al., 2011a ), which was explicitly designed for needs of exo-
planet spectroscopy in mind, has been used to model spectra of
brown dwarfs ( Bailey and Kedziora-Chudczer, 2012; Canty et al.,
2015; Lucas et al., 2010 ). However, BYTe loses accuracy in the near
infrared. Rather old laboratory measurements of room tempera-
ture for ammonia have recently been assigned ( Barton et al., 2016,
2017 ). These data plus improved ab initio treatment of the problem
( Polyansky et al., 2016b ) and a MARVEL analysis leading to a set
of accurate, empirical energy levels ( Al Derzi et al., 2015; Furten-
bacher et al., 2017 ) will form the basis of a new line list which
will both extend the range and improve on the accuracy of BYTe.
Fig. 10 illustrates the absorption spectra of ammonia at T = 300 K
and 20 0 0 K. The strongest and most prominent feature is at 10 μm.
H 2 S : The main source of the emission of H 2 S on Earth is from
life ( Watts, 20 0 0 ). It has been, however, ruled out as a potential
biosignature in atmospheres of exoplanets ( Hu et al., 2013 ). H 2 S
is also generated by volcanism. Fig. 11 illustrates the absorption
spectra of H 2 S at T = 300 K and 2000 K based on the AYT2 line
list ( Azzam et al., 2016 ). 
HCN : Line lists for hydrogen cyanide were some of the ﬁrst
calculated using variational nuclear motion calculations ( Eriksson
et al., 1984; Harris et al., 2002b ). Indeed the ﬁrst of these line
list was the basis of a ground-breaking study by Jørgensen et al.
(1985) showed that use of a comprehensive HCN line list in a
model atmosphere of a ‘cool’ carbon star made a huge difference:xtending the model of the atmosphere by a factor of 5, and low-
ring the gas pressure in the surface layers by one or two orders
f magnitude. The line list created and used by Jørgensen and co-
orkers ( Eriksson et al., 1984; Jørgensen et al., 1985 ) only consid-
red HCN. However HCN is a classic isomerizing system and the
NC isomer should be thermally populated at temperatures above
bout 20 0 0 K ( Barber et al., 20 02; Harris et al., 20 03 ). More recent
ine lists ( Barber et al., 2014; Harris et al., 20 08, 20 02b, 20 06 ) con-
ider both HCN and HNC together. All these line lists are based
n the use of ab initio rather than spectroscopically-determined
ESs, which can lead to signiﬁcant errors in the predicted tran-
ition frequencies ( Harris et al., 2002a ). However the most recent
ine list, due to ( Barber et al., 2014 ) used very extensive sets of
xperimental energy levels obtained by Mellau for both hot HCN
nd hot HNC ( Mellau, 2011a, 2011b ) to improve predicted frequen-
ies to, essentially, experimental accuracy. This line list was used
or the recent, tentative detection of HCN on super-Earth 55 Can-
ri e ( Tsiaras et al., 2016 ). The line list of Barber et al. (2014 ) is
llustrated in Fig. 12 . 
CO: is the most important diatomic species in a whole range
f hot atmospheres ranging from warm exoplanets to cool stars
rom a spectroscopic perspective ( Li et al., 2015) recently produced
omprehensive line lists for the nine main isotopologues of CO.
ig. 13 illustrates the absorption spectrum of the main isotopo-
ogue, 16 C 12 O. 
NO: a new comprehensive line list for nitric oxide has recently
een released by Wong et al. (2017) , see Fig. 14 . 
SiO: Fig. 3 illustrates the absorption spectrum of SiO molecule.
iO is well known in sunspots Campbell et al. (1995) and is
hought likely to be an important constituent of the atmosphere of
ot rocky super-Earths. An IR line list for SiO available from Exo-
ol ( Barton et al., 2013) and a less accurate UV line list is provided
y Kurucz (2011) . 
Line lists are available for both NaCl and KCl ( Barton et al.,
014) , see Fig. 15 . However, these line lists do not consider elec-
ronic transitions, which are likely to be very strong; the line lists
re therefore only useful for simulation of the spectra of these
pecies at long (infrared) wavelengths. Figs. 16 and 17 illustrate
ine list for species whose electronic spectra give prominent fea-
ures: AlO and CaO respectively. The spectra are only shown for
 = 20 0 0 K as these species are unlikely to be found in the gas
hase at 300 K. 
There are a number of systems which have been identiﬁed as
ikely to be present in the atmospheres of hot rocky super-Earths
or which there are no available line lists. Indeed for most of these
pecies, which include NaOH, KOH, SiO 2 , MgO, PO 2 , Mg(OH) 2 , SO,
nS (see Table 1 ), there is little accurate spectroscopic data of any
ort. Clearly these systems will be targets of future study. 
Probably the most important polyatomic molecule, at least for
xoplanet and cool star research, for which there is still not a com-
rehensive hot line list is acetylene (HCCH). Acetylene is a lin-
ar molecule for which variational calculations are possible ( Kozin
t al., 2005; Urru et al., 2010 ) and an extensive effective Hamilto-
ian ﬁt is available ( Amyay et al., 2016 ). One would therefore ex-
ect such a line list to be provided shortly. 
. Other considerations 
All the discussion above has concentrated very ﬁrmly on line
pectra. However there are a number of issues which need to
e considered when simulating or interpreting exoplanet spec-
ra ( Grimm and Heng, 2015 ). A discussion of procedures for this
s given in Chapter 5 of the recent book by Heng (2017) . Gen-
ral codes, such as HELIOS (Grimm and Heng, 2015) ; Malik et al.,
017) and our own ExoCross (Yurchenko et al., 2017) , are available
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Fig. 11. Absorption spectrum of H 2 S at T = 300 K and 2000 K simulated using the ExoMol line list AYT2 ( Azzam et al., 2016 ). 
Fig. 12. Absorption spectrum of the HCN/HNC system at T = 300 K and 2000 K 
simulated using the ExoMol line list ( Barber et al., 2014 ). 
Fig. 13. Absorption spectrum of CO at T = 300 K and 20 0 0 K, generated using the 






Fig. 14. Absorption spectrum of NO at T = 300 K and 20 0 0 K simulated using the 























t  or taking appropriate line lists and creating inputs suitable for ra-
iative transfer codes. 
The ﬁrst issue to be considered is the shape of the individual
pectral lines. Lines are Doppler broadened with temperature due
o the thermal motion of the molecules and broadened by pressureue to collisional effects. While the total absorption by an optically
hin line is conserved as function of temperature and pressure; this
s not true for optically thick lines. For these lines use of an ap-
ropriate line proﬁle can have a dramatic effect ( Amundsen, et al.,
014 ; Tinetti et al., 2012 ). The nature of primary transit spectra,
here the starlight has a long pathlength through the limb of the
xoplanet atmosphere, is good for maximizing sensitivity but also
aximizes the likelihood of lines being saturated. This means that
t is important to consider line proﬁles when constructing line list
or exoplanet studies. 
While it is straightforward to include the thermal effects via the
oppler proﬁle; pressure effects in principle depend on the colli-
ion partners and the transition concerned. Furthermore, there has
een comparatively little work on how pressure broadening be-
aves at high temperatures ( Tennyson et al., 2014b ). Studies are
eginning to consider broadening appropriate to exoplanet atmo-
pheres ( Barton et al., 2017a; Faure et al., 2013; Hedges and Mad-
usudhan, 2016; Barton et al., 2017b ). However, thus far these
tudies have concentrated almost exclusively on pressure effects
n hot Jupiter exoplanets, which means that molecular hydrogen
nd helium have been the collision partners considered. The atmo-
pheres of hot rocky super-Earths are likely to be heavy meaning
hat pressure broadening will be important. Clearly there is work
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Fig. 15. Infrared absorption spectra of NaCl (upper) and KCl (lower) at T = 300 K 
and 20 0 0 K simulated using the ExoMol line list ( Barton et al., 2014 ). 
Fig. 16. Absorption spectrum of AlO at T = 20 0 0 K simulated using the ExoMol line 












Fig. 17. Absorption spectrum of CaO at T = 20 0 0 K simulated using the ExoMol line 









































dto be done developing appropriate pressure-broadening parameters
for the atmospheres of these planets. We note, however, that line
broadening parameters appropriate for studies of the atmosphere
of Venus are starting to become available, largely on the basis of
theory ( Gamache et al., 2016, 2011; Lavrentieva et al., 2014; Sagawa
et al., 2009 ). 
Besides broadening, it is also necessary to consider collision in-
duced absorption in regions where there are no spectral lines. On
Earth it is know that the so-called water continuum makes an im-
portant contribution to atmospheric absorption ( Shine et al., 2012 ).
Similarly collision induced absorption (CIA) in by H 2 is well known
to be important hydrogen atmospheres ( Abel et al., 2011 ). CIA haslso been detected involving K–H 2 collisions ( Morley et al., 2014 ).
hat CIA processes are important in lava planets is at present un-
ertain. 
Finally it is well-known that the spectra of many (hot Jupiter)
xoplanets are devoid of signiﬁcant features, at least in the NIR
 Sing et al., 2016; Tsiaras et al., 2017 ). It is thought that this is due
o some mixture of clouds and aerosols, often described as hazes.
uch features are likely to also form in the atmospheres of rocky
xoplanets. It remains unclear precisely what effect these will have
n the resulting observable spectra of the planet. 
. Conclusions 
To conclude, the atmospheres of hot super-Earths are likely to
e spectroscopically very different those of other types of exo-
lanets such as cold super-Earth or gas giant due to both the el-
vated temperatures and the different atmospheric constituents.
his means that a range of other species, apart from the usual H 2 O,
H 4 , CO 2 and CO, must be also taken into consideration. A partic-
larly interesting molecule that is likely to feature in atmospheric
etrievals is SO 2 . Detection of SO 2 could be used to differentiate
uper-Venus exoplanets from the broad class of super-Earths. A
omprehensive line list for SO 2 is already available ( Underwood
t al., 2016b ). SiO, on other hand, is a signature of a rocky object
ith potentially detectable IR and UV spectral features. Another in-
eresting species is ZnS, which can be used to differentiate clouds
nd hazes. At present there is no comprehensive line list for ZnS
o inform this procedure. 
Models of hot super-Earths suggest that these exoplanets ap-
ear to resemble many properties of the early Earth. An extensive
iterature exists on the subject of the early Earth, which can be
sed as a basis for accurate prediction of the properties of the hot
ocky exoplanets. Super-Earths also provide a potential testbed for
tmospheric models of the early Earth which, of course, are not
menable to direct observational tests. Post-impact planets may
lso be also very similar in chemistry and spectroscopy. 
From different studies of the chemistry and spectroscopy of hot
uper-Earth we have identiﬁed a set of molecules suggested ei-
her as potential trace species or sources of opacities for these ob-
ects. The line list for a signiﬁcant number of these species are ei-
her missing or incomplete. Our plan is systematically create line
ists for these key missing molecules and include into the ExoMol
atabase. 
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